We analyzed temporal variations of carbon monoxide (CO) in the upper troposphere from 30°N to 30°S observed using instruments aboard commercial airliner flights between Japan and Australia over the period 1993−2016. Here we focused on the CO variations in the Southern Hemisphere (SH) that showed a unique seasonal cycle with an increased CO around October-November every year. The seasonal CO peaks in the SH showed significant interannual variability (IAV), and are notably enhanced in strong El Niño years, especially 1997. The CO enhancements are proportionally associated with CO emissions from Indonesian fires, when compared to the Global Fire Emissions Database (GFED). The IAV of the CO peak anomalies relative to the mean seasonal cycle was assessed by a statistical regression model that uses a combination of multiple climate indices and their interaction terms. We found that over 80% of the CO IAV observed in the upper troposphere could be explained by the model. The largest anomaly in 1997 showed a different CO-climate relationship than the other periods, which could be due to amplification during synchronized climate modes, or include additional influence from other factors such as human activities.
Introduction
Carbon monoxide (CO) is a key trace gas used to understand global atmospheric chemistry and climate change. Since the reaction of CO with the hydroxyl radical (OH) has a strong control on the oxidizing capacity in the troposphere (Levy 1971) , changes in CO level could perturb the growth rates of greenhouse gases such as ozone, methane, and carbon dioxide (oxidation of CO) (e.g., Gaubert et al. 2017) . Biomass burning in the tropics significantly contributes to the global budgets of CO and many other trace gases in the atmosphere (e.g., Crutzen and Andreae 1990) . One of the major tropical fire regions is located in Maritime Southeast Asia, such as on the islands of Kalimantan, Sumatra, and Papua in Indonesia, where forest and peatland fires occur during the dry season between August and October (e.g., Fanin and van der Werf 2017) . The interannual variability (IAV) of Indonesian CO fire emissions is estimated from the inventory data set of the Global Fire Emissions Database (GFED) (van der Werf et al. 2017) . However, bottom-up estimations have large uncertainties due to limitations of satellite-based fire detections, and underlying uncertainties in combustion and emission factors used for the conversion of burned area into CO emissions (e.g., Yin et al. 2016; van der Werf et al. 2017 ).
Satellite-based observation of CO column abundance is useful to track the IAV of tropical fire emissions, such as from the Measurement of Pollution in the Troposphere (MOPITT) (e.g., Buchholz et al. 2018) . The spaceborne observations of CO in the free troposphere are also available to examine the IAV due to tropical fire emissions and convective transport (Huang et al. 2014; Voulgarakis et al. 2015) . However, limitations of satellite CO measurements include reduced diurnal coverage due to limited overpass times, retrievals of total column that require cloudfree scenes and measurement uncertainties that are relatively high compared to in situ measurements. Aircraft-borne high-precision CO measurements are a valuable alternative approach, and the long record of CO from Japan Airlines (JAL) flights over the western South Pacific have captured a large change in the upper tropospheric CO from 1994 to 1997 due to the Indonesian fire emissions (Matsueda et al. 1998 . However, the IAV of the upper tropospheric CO in this region remains to be studied.
We continued the JAL airliner observations after 1998 to extend the record of CO measurements along the same flight route, which became later known as the Comprehensive Observation Network for TRace gases by AIrLiner (CONTRAIL) program (Machida et al. 2008) . With more than 20 years of upper tropospheric CO measurements, CONTRAIL has offered a unique opportunity for investigating CO IAV. Using the CONTRAIL observation record, we analyzed the IAV of upper tropospheric CO over the western South Pacific to examine the linkage with Indonesian fire emissions and climate-induced changes.
Observations and data analysis
In this study we used measurements of CO concentrations from flask air samples collected twice a month from April 1993 to December 2016 at about 10 km altitude by the JAL airliner between Japan and Australia. Since details of the aircraft observation have been reported elsewhere (Matsueda et al. 1998; Machida et al. 2008; Matsueda et al. 2015) , only a brief description is given here. The air samples were collected using the Automatic air Sampling Equipment (ASE), although it was substituted by a manual flask sampling method for December 2014 to March 2015, and November 2015 to December 2016. Note that there were no air sampling flights during the April 2009−April 2011 period because of the re-installation of the ASE onto a newer aircraft. Prior to December 2005, the CO concentrations in the air samples were measured using a gas chromatograph with a flame ionization detector with an analytical precision of ~1.5 ppb at the Meteorological Research Institute (MRI), while the measurements after December 2005 were made at the National Institute for Environmental Studies (NIES) using a gas chromatograph with a reduction gas detector with an improved precision of ~0.3 ppb. The difference between MRI and NIES measurement scales was less than ± 2 ppb for CO concentration range of 50−250 ppb based on the results of the InterComparison Experiments for Greenhouse Gases Observation program (Tsuboi et al. 2017 ).
We analyzed the CO time-series for 12 latitudinal bands separated at 5° intervals between 30°N and 30°S, using a curve fitting
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by showing CO emitted from fire in the Indonesian region is vertically transported to the upper troposphere and subsequently spreads out in the southern tropics over the western Pacific (Taguchi et al. 2002; Duncan et al. 2003) .
The seasonal cycle patterns in the NH often show a maximum in spring and a minimum in summer, but CO increases around October-November were considerably smaller in the NH than the SH. It is suggested that the seasonal CO signals due to Indonesian fire emissions were significantly masked by continental outflows of larger anthropogenic emissions from the East Asia region to the western North Pacific (e.g., Umezawa et al. 2018) . ln order to further investigate the Indonesian fire emissions, we focus on the CO seasonal cycles in the SH.
IAV of CO in SH
In the SH, the 3 latitudinal bands between 10°S and 25°S show high CO peaks, which vary year by year ( Fig. 1) . To examine the CO IAV, detrended CO (ΔCO) were calculated by subtracting the long-term trend from the smoothed fit-curve. Figure 2a shows the time series of ΔCO from 1994 to 2016 for the 3 latitudinal bands of 10°S−15°S, 15°S−20°S, and 20°S−25°S, around the longitudes from 140°E to 145°E. Since the IAV of the ΔCO peaks has a quite similar pattern for the three latitudinal bands, we combine the data from 10°S to 25°S into monthly averaged ΔCO (Fig. 2b) . The maximum of the averaged ΔCO in 1997 reached 110 ppb. The ΔCO maximum in other years was less than 40 ppb, but the IAV was still clear. Figure 2c shows the monthly fire CO emissions for 1997−2016 in the Equatorial Asia (EQAS) region, which includes most of the burnt area in Indonesia, as estimated from the GFED (version 4.1s, van der Werf et al. 2017). The CO emissions from fire are concentrated in the dry season during August-October, and vary substantially year-by-year. It is clear that their yearly method by Matsueda et al. (1998) . Figure 1 shows temporal CO variations for the 12 latitudinal bands in the upper troposphere with their smoothed fit-curves (solid black line) and long-term trends (dashed black line) from April 1993 to December 2016. The smoothed fit-curve was produced by low-pass filtering the CO data to reduce short-term variability with a period of less than ~60 days, while the long-term trend reduces variability with a period of less than 3 years. The results showed a decreasing trend with a mean rate around −0.6 ppb yr −1 during the past 23 years in the Northern Hemisphere (NH), and relatively lower decreasing rate in the Southern Hemisphere (SH). These findings are consistent with recent CO decreasing trends obtained from ground-based and satellite observations (e.g., Worden et al. 2013; Schultz et al. 2015; Mackie et al. 2016 ).
Results and discussion

Seasonal variation of CO
The temporal variations of CO show different features between the NH and SH (Fig. 1 ). CO in 20°N−30°N shows relatively noisy variability including high CO events, while CO variability in the SH is more stable. The 1997 October peak is the most dominant in all SH regions, with the highest CO values in regions covering 10°S to 25°S. A seasonal peak maximum during October−November is commonly observed for all other years, although they are less than one-third of the 1997 peak. These results reflect that the seasonal cycles in the SH are driven mainly by tropical fire emissions because other major CO sources such as industrial emissions and methane oxidation have the different seasonal patterns ( variability mirrors the IAV of ΔCO. Figure 3 shows the maximum ΔCO peak versus Indonesian fire emissions of CO from GFED. The values of CO emissions were integrated for 3 months between August and October. The ΔCO peaks almost increase in direct proportion to the fire emissions. This result implies that Indonesian fire emissions are the main driver of the ΔCO IAV for this region, while a transportinduced variability brought into the upper troposphere is estimated to be relatively smaller (e.g., Huang et al. 2014) . When a linear regression between the ΔCO and fire emissions, excluding the 1997 data, was fit, the slope significantly declined compared with that from all data points (Fig. 3) . This indicates that the ΔCO observed in 1997 is higher by about 30% than the regression line without the 1997 data, even considering a regression error of about 17% (± 2σ). This result suggests missing CO emissions in GFED, likely from smoldering and underground peatland fires in 1997 Sawa et al. 1999) .
Link between CO and climate
To examine the IAV of upper tropospheric CO related to climate variability, the CO anomaly was calculated as the monthly ΔCO deviation from the climatological seasonal cycle during 1994−2016 (Fig. 2b) . Figure 4a sia fire regions (Buchholz et al. 2018) . By observing climate mode variability, the IAV of CO anomalies seems to be primarily associated with El Niño/Southern Oscillation (ENSO), represented here by the Multivariate ENSO Index (MEI; Wolter and Timlin 1998) (Fig. 4b) . This ENSO-cycle to CO anomaly relationship is caused by an increase in the Indonesian fire emissions due to the El Niño induced drought, and by a decrease in Indonesian fire emissions due to the La Niña induced high precipitation (e.g., . It is also known that the positive Indian Ocean Dipole (IOD) intensifies the drought-induced Indonesian fires (e.g., Field et al. 2009; Pan et al. 2018) . These studies strongly suggest that some combination of multiple climate components influence the CO IAV observed in the upper troposphere. Buchholz et al. (2018) developed an application-specific regression model using multiple climate indices and their interactions, which explained more than half of MOPITT CO variability over tropical fire regions. Thus, we applied this model to investigate the IAV of the CO anomalies determined in this study. Four climate indices (Figs. 4b, 4c , 4d, and 4e) are used as explanatory variables; MEI, Dipole Mode Index (DMI) of IOD (Saji et al. 1999) , Tropical South Atlantic index (TSA; Enfield et al. 1999) , and the Southern Annular Mode index (SAM) of the Antarctic Oscillation (Thompson and Wallace 2000) . Details of the model and calculation procedure are presented by Buchholz et al. (2018) . The general formula for a multiple linear regression model with first-order interaction terms is shown in equation (1):
where μ is a constant mean displacement; a k and b ij are coefficients for respective contributions from single index and two indices interaction; values of k, i, and j are 1~4, χ are the 4 climate indices as stated above (see Supplementary Material Table S1 ); and τ is a lag of 1 to 8 months for each index. The CO anomalies from September to December of each year are used in this model to focus on the anomaly signal that is most relevant for climate-related variability. We fit the data in two experiments, one including and one excluding the 1997 anomaly, to help understand drivers of the large CO enhancement in that year. Figure 5a shows the time series of the modeled and measured CO anomalies during 1994−2016. The modeled values from the two different fits are plotted. Resulting time lags and coefficient values that fit Eq. (1) are given in Table 1 . The first model run, fitted to all data points, generally reproduces the measured CO anomalies with the highest adjusted R 2 value of 0.83. If we simply correlate the CO anomalies with a single index of only MEI, we find substantially lower adjusted R 2 of 0.56, probably due to a nonlinear relationship of the Indonesian fire emissions to El Niñoinduced drought (van der Werf et al. 2008; Field et al. 2016; Yin et al. 2016) . Figs. 5b and 5c show the time series of the modeled CO allocated to the 2 nd and 3 rd terms of the Eq. (1), respectively. This indicates that the model fit requires variabilities from not only the 2 nd term but also the 3 rd term that explains a substantial amount of the 1997 anomaly. The 2 nd term includes a major explanatory climate variable of MEI with minor variables of DMI and TSA, while the 3 rd term is composed of the three interaction terms MEIxTSA, DMIxSAM and TSAxSAM (see Figs. S1 and S3). MEIxTSA contributes most to the third term and this interaction relates to very strong anomalies in these two climate modes for 1997.
For the second model, we determined the coefficients excluding the 1997 data in the model fitting and subsequently used climate index values for 1997 with the resulting model to predict CO anomalies for this year. This results in much lower predicted values for 1997, overall explaining only about 30% of the measured CO anomaly, while the anomalies in other years are better reproduced with the lower root-mean-square error of 5.23 ppb compared to 6.33 ppb for the first run (Fig. 5a ). It is clearly revealed in Fig. 5c that the underprediction in 1997 in the second model is due to missing components in the 3 rd term (climate interactions) that explain the extreme 1997 CO in the first model run. This result strongly suggests that climate-CO relationship may be different between 1997 and other years. Climate can influence atmospheric CO via process-based emission impacts both near and distant to Indonesia, combined with impacts on transport and photochemistry (e.g., Rowlinson et al. 2019 ).
In addition, anthropogenic activities influence atmospheric composition and are not necessarily coupled with climate variability (e.g., Chen et al. 2016) . For example, human-driven fire activities related to food production could be impacting the 1997 event, but such anthropogenic component is not included in the model. Buchholz et al. (2018) pointed out that including an index describing the human-driven component could improve the model's ability to better represent atmospheric CO variability. In fact, it is reported that peatland fires in Indonesia are mostly anthropogenic, and burning intensified in 1997 due to the increased land clearance activities associated with the Central Kalimantan Mega Rice Project, promoted from 1995 to 1999 (e.g., Duncan et al. 2003; Page et al. 2002) . It is possible that the large anomaly in 1997 was intensified by a strong coupling between the increased human-ignition of fires and the severe El Niño drought. This is not quantitatively verifiable because of 1997 being the only year with such high anomalies in our record. In order to disentangle the processes, more observations and a comprehensive analysis, with potentially improved climate index regression methods, combined with chemical transport modeling will be required for future research. 
Summary
The JAL airliner observations captured the IAV of CO in the upper troposphere from 1994 to 2016. The CO IAV in the SH is associated with the yearly change in CO emissions from Indonesian fires, based on the GFED fire inventory. A multi-linear regression model with interaction terms could explain over 80% of the CO IAV reflecting the strong connection to climate in this region. There was a significant underprediction of the largest CO enhancement in the strongest El Niño year of 1997 when excluding the data for this year in the statistical model fit. The anomaly in 1997 could be enhanced by an amplified response to synchronicity of multiple climate modes, and/or a coupled process of climate factors and human activities. , months) , coefficient values and model fit statistics for the best predictive models of September to December CO anomalies fitted to all data points (All data) and selected data without the 1997 data points (Without '97 in fit).
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